Pentaquark states electro-and photo-production is an unique platform to disentangle their nature due to the potential absence of triangle sigularity. To this end, the eSTARlight package is adapted to study the electroproductin of pentaquark P c states, discovered first by LHCb, in the ep → eJ/ψp process at electron-ion colliders (EICs). The results are compared to the non-resonant t-channel, which is described by the Pomeron exchange in our studies. We address the difference of proposed EICs in China and USA from intermediate to high energy configuration and explore their potential of searching for pentaquark P c states with the help of J/ψ production in electron-proton scattering.
I. INTRODUCTION
Up to now a rich spectrum of the exotic mesons, including charmonium-like and bottomnium-like states, is emerging, and more new states are expected for the continuing experimental effort [1] [2] [3] [4] [5] [6] [7] [8] . However, in the baryon sector only three narrow pentaquark states, P c (4312), P c (4440) and P c (4457), are discovered by the LHCb collaboration in Λ b → J/ψpK − decay [9, 10] . It is essential to study these known states and search for new states by other decay and reaction channels in order to disentangle different models. Just recently, D0 and GlueX collaborations have searched for these states in inclusive pp collisions [11] and photoproduction [12] , recpectively. The D0 collaboration found an enhancement from joint contribution of P c (4440) and P c (4457) in J/ψp invariance mass spectrum with low significance [11] , serving as the first and only confirmatory evidence for these pentaquark states. Various interpretations were proposed for the nature of hidden charm pentaquark states before and after their observation, e.g. molecular states [13, 14] , compact diquark-diquark-antiquark states [15] [16] [17] , and hadro-charmonium states [18] . In addition, it is pointed out that the peaks of pentaquark in the decay and reactions with multi-particle final states could be induced by triangle singularity considering that their masses locate close to the Σ cD and Σ cD * threshold [19] [20] [21] [22] [23] [24] [25] . In order to survey this nonresonance explanation, the reactions with two-body final states induced by beams of photon, electron [26] [27] [28] [29] [30] [31] [32] and pion [21, [33] [34] [35] are suggested to be decisive. At present and in the near future, the high energy pion beam seems to be unavailable, so photo-and electroproduction reactions would play the central role and attract much interest. These reactions are also useful to search for other P c , for instance those among seven states in spin multiplets anticipated by heavy-quark spin symmetry [36] [37] [38] , and also P b , the bottom analogs of P c , expected by heavy quark flavor symmetry in many models [27, [39] [40] [41] [42] .
Though GlueX group did not find the photoproduction of pentaquark states with present precision [12] , a very meaningful upper limit of production cross sections, and hence a model dependent upper limit of branching ratios B(P c → J/ψp), are given by their data. Combing the measured decay ratios from LHCb with a simple expectation of B(Λ b → P + c K − ), a reasonable estimation of the lower limit of B(P c → J/ψp) could be obtained [43] . So a stringent and confined range of the photoproduction cross section of pentaquark would be calculated, and the sole model uncertainty is from the assumed vector meson dominance (VMD). The non-resonant t-channel contribution is usually imitated by Pomeron or gluon exchange in these calculations, while the s-channel is mainly driven by the Breit-Winger resonances.
In line with these ideas, we investigate the electroproduction of pentaquark P c in ep → eJ/ψp reaction with a great detail in this paper. In electron-proton scattering, the initial electron emits virtual photon which interacts with the initial proton to produce final particles. This process can be simulated by eSTARlight package [44, 45] , which includes only t-channel for the beginning and is adapted to incorporate the s-channel here. As the basic ingredient, the γp → J/ψp is an important input for the electroproduction, which can be realized experimentally at JLab (and its update JLab12), and also electron-ion collider (EIC). There are several proposed EICs, for instance, EicC (EIC in China) [46, 47] , eRHIC (EIC in US) [48] and LHeC (EIC in LHC) [49] , ranging from intermediate to extremely high energies. Here we will concentrate on EicC and eRHIC by comparison of cross sections and the rapidity distributions of final particles. This paper is organized as follows. The theoretical framework is given in Sec II. The numerical results are shown in Sec. III, closed with a summary in Sec. IV.
II. THEORETICAL FRAMEWORK
The diagrams for s-channel and t-channel processes of ep → eJ/ψp are shown in Fig. 1 . In s-channel, the virtual photon and initial proton produce resonances (e.g. P c states here), and then the resonant states decay into J/ψp. In t-channel, virtual photon interacts through Pomeron or gluon from proton and then convert into final J/ψ meson. In this paper we use the Pomeron exchange for t-channel. We parameterize these contribution for γp → J/ψp, as the basic input to the simulation of ep → eJ/ψp reaction. This can be recognized by the eSTARlight package, which is a Monte-Carlo simulation program for the vector meson production in electron-proton collisions [44, 45] . It can be also employed to study the various vector mesons production in electron-ion collisions.
In the electron-proton scattering, the cross section of the ep → eJ/ψp in terms of the cross sections of the γ * p → J/ψp is given by [44] ,
where k is the momentum of the photon emitted from electron in target rest frame, W is the center of mass (c.m.) energy of the photon and proton system, and Q 2 is the virtuality of the photon. The photon flux reads as [50] 
where E e is the energy of the electron in target rest frame, and Q 2 min is defined as
.
The maximum Q 2 is determined by the energy loss of the electron
The Q 2 dependence of σ γ * p→J/ψp (W, Q 2 ) is factorized as
with the values of c 1 = 2.36 ± 0.20 and c 2 = 0.0029 ± 0.43 GeV 2 , which are determined by the data of γ * p → J/ψp with Q 2 = 0 [44] . We use the same Q 2 dependence for P c and Pomeron channels, because of these values are unknown for P c resonance channel. Because of the very strong Q 2 dependence of photon flux in Eq. (2), the impact of this prescription is expected to be not big for the final results.
For the P c resonant channel, the cross section of γp→J/ψp can be written in a compact Breit-Wigner form [27, 28] σ Pc γp→J/ψp (W ) =
with s 1 being the spin of initial proton and J is the total spin of P c pentaquark. Here M Pc and Γ pc is the mass and total decay width of the P c states, respectively. The k in is the magnitude of three momentum of initial state in the c.m. frame. The branching ratio of P c → γp is calculated by the vector meson dominant model:
with α being the fine structure constants and Γ(J/ψ → e + e − ) the dilepton decay width of J/ψ. The k out is the magnitude of three momentum of final state in the c.m. frame. In this work, we use the lowest orbital excitation L = 0 for J/ψp system and J = 1/2. Other quantum numbers of P c can be similarly calculated. We adopt B(P c → J/ψp) = 5% for all P c states, which are in the same level of the upper limits from GlueX group [12] . A comparison of our σ Pc γp→J/ψp (W ) to the GlueX data could be found in Ref. [43] . In order to study the rapidity distributions and transverse momentum distributions of J/ψ and proton in final states, we need angular distributions of the decay process P c → J/ψp. We assume the angle distributions of P c → J/ψp in a following general expression
Here θ is polar angle of J/ψ or proton in the rest frame of P c states and β is dependent on the quantum number J p of P c pentaquark, if only lowest partial wave is considered. But usually several partial waves are presented in this work, so the actual value of β would deviate from these values. The relation of β and J p are listed in Table. I. These results are employed in the calculation of the J/ψ rapidity dsitributions. For the contribution of t−channel Pomeron exchange, the cross section of γp → J/ψp is given as [51] ,
with σ p =4.06 nb and = 0.65, which are determined by the experimental data of γp → J/ψp with Q 2 = 0 and applied successfully to previous studies of J/ψ electroproduction [51] .
The interference between P c resonance channel and Pomeron exchange channel is not considered at this paper just because it is too premature to include it. We employ eS-TARlight to simulate P c resonance production through photon proton interaction. Then, the decay process of P c → J/ψp is implemented in eSTARlight. Finally, the J/ψ to dilepton is simulated. The resonance channel production in eSTARlight is newly studied and it can be applied to considered other resonance channel in the next step.
III. NUMERICAL RESULT
The properties of P c (4312), P c (4440), and P c (4457) from LHCb are listed in Table II . Throughout this paper we use the central values of the masses and widths of three P c states. We investigate their production in proposed EICs, including EicC and eRHIC, whose c.m. energies are also given in Table II . A detailed comparison of the proposed EICs are presented in Ref. [45, 46] .
First of all, we list the estimated cross sections of ep → eP c → eJ/ψp and range of the rapidity distribution of P c states in Table II . For all the calculation in this work, we set 0 < Q 2 < 5GeV 2 . As can be seen, the electroproduction of P c in J/ψp channel is a bit less than 1.0 pb. This indicates that these P c states are measurable in these EICs with B(P c → J/ψp) = 5%, even considering the dilepton decay ratios of J/ψ and the detector efficiency. If the B(P c → J/ψp) is much less than 5%, then the open charm channels will have great potential for studying the P c states, as pointed out by Ref. [42] . The production cross sections of ep → eP c → eJ/ψp rise gently when the c.m energies of electron-proton are increasing, because most of the P c is produced in small Q 2 range. The rapidity distribution of P c is very limited, for the reason that P c are narrow states produced in s-channel. From Table  II , it can seen that the P c are produced closer to the mid-rapidity with lower c.m energies of electron-proton, e.g. at EicC than that at higher energies, namely eRHIC. Combining with these two aspects, it seems that very high c.m. energies of electron-proton is not required to study P c states.
Resonance
Properties [ Secondly, as we discuss in above section, the rapidity distributions of J/ψ are determined by the angle distributions of P c → J/ψ. The β's values are different from different J p of P c . The J/ψ rapidity distributions are shown in Fig. 2 with the values of β. It can be seen that the rapidity distributions of J/ψ are different from three β values. We can determined the J p of P c from the rapidity distributions of J/ψ or proton because the rapiditiy distributions of proton are similar to J/ψ. However, it is not easy to distinguish the β from transverse momentum distributions.
Moreover, for the vector meson production in electron-proton scattering, the cross section of the Pomeron exchange t-channel is usually very large. Here we find it is much larger than that of P c resonance channel. We give the distribution of final J/ψ produced from Pomeron and P c (4312) resonance at EicC in Fig.3 . As can be seen, it is easy to distinguish two contributions by the rapidity distributions of J/ψ (or equally final proton). How to use this character to enhance the ratio of P c to Pomeron by kinematic cut is detailed explored in a recent paper [52] . What's more, we give the rapidity distributions and transverse momentum distributions of J/ψ produced in P c (4312) resonance channel at EICs in Fig.4 , where we assume the J p of P c (4312) is ( 1 2 ) − . The same distributions of final proton are shown in Fig.5 . The transverse momentum distributions is peaked at the range of 0.6 ∼ 0.7 GeV for different EICs, mainly due to the narrow widths of P c states. The produced final particles at EicC are closer to the mid-rapidity than those at eRHIC.
Finally, the distributions of final leptons decaying from J/ψ are very important for the estimation of detector efficiency. We present the pseudo-rapidity distributions and transverse momentum distributions of one of leptons decaying from J/ψ in P c (4312) resonance channel in Fig. 6 . It can be seen that the daughter leptons from J/ψ decay at EicC are near middle pseudo-rapidity, which is easier to be detected.
These results in this section are useful for the proposed EICs including EicC and eRHIC. It can help us to check the models for the structure of the pentquark states. We can use the rapidity distributions of J/ψ or proton to determined the spin and parity quantum number of P c states.
IV. CONCLUSION
The study of P c states in decays and reactions other than Λ b decay plays a key role in our understanding of the nature of P c states. In this paper we explore the electroproductin of pentaquark P c in ep → epJ/ψ reaction for EicC and eRHIC in a detail. For this purpose, the eSTARlight package is adapted to include both s-and t-channel processes, considering their different kinematical conditions. The production rates are estimated, which seems to be large enough for detailed studies of these final states at EICs. The production cross sections depend on the internal structure of P c , so electroproduction and photoproduction can test whether the P c are real resonance or just peaks from triangle sigularity. The different kinematic distributions of various contributions would be further reinforce this purpose, because the rapidity distributions of J/ψ and proton through pentaquark P c decay and Pomeron exchange channel can distinguish two contributions clearly. This is confirmed by a recent study of how to enhance the signal of P c by kinematic cut [52] .
The rapidity distributions and transverse momentum distributions of final particles are compared here under various energy configuration at proposed EICs. It can conclude that the rapidity distributions of J/ψ or proton can be employed to determined the J p of P c states. This is important in our work. It can help us to determined the spin and parity of P c states in EICs. Generally speaking, we find that the production cross sections increase slowly with the growing c.m. energies of EIC machine. At high-energy colliders like the proposed eRHIC, the final states are produced at far forward rapidities. For lower energy colliders like EicC, the systems are produced closer to midrapidity, within reach of central detectors.
Our study is a good start point to a further detailed simulation of P c or even P b electroproduction process, which will be helpful for the design of experimental method and detector system at EICs. As the EICs are expected to be in operation in near future and unavailable at present, alternative way at hand would be the ultra-peripheral lead-lead and pA collisions at STAR and ALICE [53] . The vector meson production in heavy ions ultra-peripheral collisions can be simulated by STARlight package [51] and the production of pentaquark can be included by a similar extension of kinematic condition in this paper.
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